In order to further investigate the mechanism of antisense inhibition of gene expression, a series of plasmids which generate short antisense RNAs deriving from the 5' end of the CAT gene were constructed. When transfected Into COS1 cells, these constructions were capable of specifically reducing CAT gene expression. Unexpectedly, transfection with constructions expressing defective RNA in the sense orientation also resulted in reduced levels of both CAT enzyme and mRNA. This was mediated by both short and full-length CAT-gene fragments, and was dependent on the presence of the tested transcriptional promoters, either the herpes simplex virus thymidine kinase (TK) or simian virus 40 late (SVL) promoters. These results, in conjunction with computer aided secondary structure prediction, indicate a possible similarity of regulatory mechanism for both senses of RNA acting within the cell.
INTRODUCTION
Antisense nucleic acids have been widely used to disrupt gene function both in vitro and in vivo (review 1, 2). In some systems a relatively strict requirement for complementarity between the antisense species and its target RNA has been observed, particularly in engineered structures (e.g. 3, review 4) although it is clear that in naturally occurring bacterial systems, significant mismatches can be tolerated and may indeed have modulating effects (5) . Nonsense arrangements using the same base composition in oligonucleotides have proved ineffective (6) as have sequences complementary to the antisense (defective sense) nucleic acid (7, 8, 9, 10, 11, 12) . Exceptions to this have occurred where the sense sequences used may cause an indirect inhibition of gene expression by their interaction with binding proteins or enzymes involved in nucleic acid metabolism (4) . Such interactions, which could include competition for transcription factors or particular binding proteins need not be gene specific.
Recently two examples of specific endogenous gene suppression in plants resulting from the transgenesis of the functional sense genes for chalcone synthase and dihydroflavonol-4-reductase have been reported (13, 14) . Rather than increasing the level of gene product, as was expected by artificially increasing the gene copy number, the reverse effect was observed. Both the endogenous gene product and mRNA levels were reduced and a variety of flower colour phenotypes in the transgenic plants was seen. However, the mechanism of this inhibition remains unclear.
In many antisense studies gene products independent of the target gene have also been assayed in order to indicate the specificity of the effect. Only where very high levels of antisense oligonucleotide were used (e.g. 15) did non-specific inhibition of gene expression occur. Otherwise, inhibition was specific using oligonucleotides (e.g. 3) injected RNA (16) and injected (e.g. 17) or transfected (e.g. 18, 19) plasmid DNA .
In this study, either a short 5' region, or the entire coding sequence, of the target gene for chloramphenicol acetyltransferase (CAT) was used as a template for the production of antisense and control sense RNAs. The effect of various plasmids, designed to generate test RNAs in cultured cells, was monitored following their transient cotransfection into COS1 cells. It was found that the test antisense constructions were effective in reducing the expression of CAT with no effect on the specificity control, the sequence-independent gene for human growth hormone (HGH). Unexpectedly the constructions encoding the corresponding defective sense RNAs, had a similar specific modulating effect on expression of the target gene. In addition to the observed reduction in gene product activity, a concomitant drop in CAT mRNA levels occurred in the cells in the presence of either the antisense or sense RNA . Thus in this animal cell system, even the short 5' CAT sequence was sufficient to mediate specific inhibition of gene expression, irrespective of its orientation.
overlap. The deoxyoligonucleotides (shown 5' to 3') incorporate the synthesized restriction sites for Smal and HincH respectively (italics), in addition to the wild type sequence. Point mutations (underlined) to remove 4 or more consecutive 'T's or 'A's were introduced into the sequence in order that the region could be transcribed by RNA polymerase HI promoters in subsequent experiments. The region of the CAT gene incorporated into the CATOL region included 28b of 5' untranslated sequence and 70b of coding sequence. The complete CATOL segment was inserted into the Smal site of M13 mp8 with clones # 25 and # 35 having the insert in opposite orientations.
The TK promoter was excised from pTKCAT (21) as a BglW BamHl fragment and ligated into the BamHl site of M13 vector mpl8. Orientation of the promoter was determined by sequence analysis. pTKBlue was constructed by cutting the TK promoter out of the mpl8 clone with BamHl and HinaTR and ligating it into BamHUHindHl cut (and dephosphorylated) Bluescribe vector (Stratagene). In this clone the promoter was directed towards the Bluescribe Hindm site.
The vector pSVLCON contains the SVL promoter and SV40 early polyadenylation (polyA) signal in a pUC vector. A segment of modified influenza haemagglutinin gene (~ 1800bp) (22) was included between the promoter and poly A signal. This segment was either used as an 'irrelevant insert' or excised using its flanking BamHl sites and the vector used for the cloning of other inserts. Results are expressed as a percentage of the maximum expression achieved in the presence of the promoter control plasmid pTKBlue or pSVLCON as appropriate (100%) at 48 h after transfection. 96CAT/HGH data have been normalized to the expression of human growth hormone from a cotransfected plasmid (pTKGH) from the same dish of transfected cells. * In this case some data were normalized to the expression of a firefly luciferase gene cotransfected in a similar manner on pSV232AL-A5' (26) . Compiled data were pooled using a two-factor analysis of variance on each data point (effect of plasmid xday). Values of n for pooled data are indicated. The differences in expression in the presence of the different plasmid constructions were statistically similar across days, this justified pooling the data. Analysis with low n values was with the Mann Whitney nonparametric test. pTKCAT was transfected at 1.5 ^g/dish , 0 5 /ig/dish, pTKGH or pSV232AL-AA5' at 1 /ig/dish and pTKantiCATOL or pTKBlue at 150 pg/dish. pSVLCAT was transfected at 0.4 pg/dish and pSVLantiCATOL, pSVLCATOL, pSVLantiCAT, pSVLS22 or pSVLCON at a combined total of 2 /ig/dish with 250 jig/dish of carrier salmon testes DNA. The probability of any of the test values being the same as the promoter control was p < 0.05. Whereas the probability of the effect of the short and long antisense being the same as each other was p > 0.05. ND; Not Done.
pTKCATOL (sense) and pTKantiCATOL (antisense) were constructed in Bluescribe. The TK promoter was excised with BamHl and Hindm, from the M13 mpl8 clone (above) and the CATOL sequence was excised from either of the M13 mp8 CATOL clones # 25 or # 35 with Hindm and EcoRl to give both orientations. The excised fragments were then ligated into the BamHI/fcoRI cut and dephosphorylated Bluescribe in a threeway directional ligation. Clones were confirmed by ds DNA sequence analysis and maintained in Escherichia coli JM109 (23) . The TK promoter region was specifically deleted from both pTKantiCATOL and pTKCATOL to create promoter-minus (p-) variants by a complete BamHl digestion and religation of the vector.
pSVLCATOL and pSVLantiCATOL were also constructed by excising the CATOL region from mp8 clones # 25 and #35 with EcoRI and Hindm. The fragments were end filled with Klenow polymerase and ligated into the end filled BamHl site of pSVLCON. Clones with the CATOL sequence in the sense and antisense orientation, with respect to the SVL promoter, were identified by restriction endonuclease analysis.
pSVLantiCAT was constructed as previously described for pSVLCAT (24) except that the antisense orientation was selected. pSVLS22 was engineered from an original construction supplied by Haseloff and Gerlach in pGem4 (Promega). The segment of interest incorporated a complete CAT gene interrupted with four 22 base secondary structures in place of the cytosines at bases 79, 434, 602 and 620 (wrt AUG start codon) which rendered the gene product inactive. This region was excised from pGem4 with BamHl and ligated into pSVLCON at its BamHl sites.
Electroporation was carried out as previously described (24) . Monkey kidney COS1 cells (25) were cultured in Dulbecco's Modified Eagles medium (DME) supplemented with 10% foetal calf serum at 37°C and 5% CO 2 .
RESULTS

Transient Introduction of Test Plasmids into COS1 Cells
Plasmids were introduced into COS1 cells by electroporation and cultured for 48 h to 72 h. Target-gene expression in cells transfected with either the short CATOL antisense RNA, or the full gene-length antisense RNA encoding plasmids exhibited a significant and consistent level of suppression of around 50% or greater (Table 1) . With transcription from either of the RNA polymerase II promoters, TK or SVL, the suppression of CAT activity at 48 h in the presence of either cotransfected short sense direction CATOL RNA encoding plasmid (pTKCATOL, pSVLCATOL), was greater than 60% relative to the promoter control plasmids pTKBlue or pSVLCON respectively ( Fig. 1 A, p < 0.05). The levels of suppression gained in the presence of the transfected plasmids encoding antisense RNA to the same region in the same experiments were essentially the same at the 48 h time point tested ( When cotransfected into COS1 cells, the plasmid containing a full length defective CAT gene also inhibited the expression of its functional counterpart pSVLCAT ( Fig. 2A , p < 0.05).
The maximum level of CAT gene suppression in the presence of the short or long antisense RNAs was not significantly different. The plotted time course data for pSVLCAT expression in the presence of either the short antisense or defective sense species were indistinguishable up to 48 h, but the effectiveness of the sense RNAs declined over time ( Figs. 2A and C) . This reduction in suppression was more marked with the longer RNA. At the 48 h time point the full length sense RNA was not as effective as the full length antisense RNA (p < 0.05), although at 30 h the levels of CAT suppression were indistinguishable ( Fig.  2A and C) . Measured up to 72 h post pulse, suppression levels deviated significantly (Fig. 2C) .
The drop in gene expression observed in the presence of test plasmids was not a direct result of exhaustion of transcription factors as it was measured against a background of expression from cells similarly transfected with a plasmid carrying the same promoter sequence fused to an irrelevant sequence (pTKBlue, or pSVLCON).
The suppression mediated by both the sense and antisense constructions was gene specific since the expression of a second cotransfected reporter gene for human growth hormone (HGH) was not suppressed in the presence of either the sense or antisense CAT transcripts (Fig. 2B) .
Sense Effect Requires Presence of a Transcriptional Promoter
In order to test the necessity for transcription of the interfering plasmids, the promoter regions of both the sense and antisense CATOL plasmids were deleted. Although removing the promoter effectively rendered the constructions directionless when in the mammalian cell, both sense and antisense plasmids were altered to eliminate the possibility of effects from cryptic promoters in flanking vector sequences. On transfection, it could be seen that essentially all interfering activity had been removed with the promoters (Fig. 3) .
The requirement for transcriptional promoters suggests that cotransfection of the complementary defective sense and antisense plasmids with the functional CAT plasmid might result in either a competitive inhibition or a synergistic increase of suppression. Neither effect was seen. Rather, similar suppressive effects occurred with either the antisense alone, or equal amounts of combined defective sense and antisense short RNAs (p > 0.05). Similar results were obtained with the full length antisense RNA and a combination of equal amounts of antisense and full length defective sense RNAs (p > 0.05) ( Table 1) .
One explanation for these results might be that co-transfection of plasmids with long regions of homology was causing rearrangement to occur at the DNA level, leading to a reduction in the amount of normal CAT DNA available for transcription. To test this possibility, DNA was recovered from the transfected cells at the time of harvest, and the structure of the transfected DNA examined by Southern blot analysis. This did not reveal detectable rearrangements in the transfected DNA (data not shown).
Target RNA Levels in Transfected Cells
CAT RNA transcribed from the TK promoter was virtually undetectable by conventional Northern blot analysis (24) Figure 3 . Expression of CAT in COS1 cells from transfected pTKCAT in the presence of test plasmids, including promoter deleted constructions. CAT data are expressed as cpm, with bars indicating the standard error of the replicates (n=3). Illustrated data were from a single representative experiment, however complete statistical analysis was carried out on a pair of experiments (E n = 7). Data compiled from the two experiments using a two-way analysis of variance showed that CAT expression in the presence of the control plasmid or the promoter deleted (p-) constructions did not differ (p > 0.4). pTKCAT was transfected at 1.5 /ig/dish and test plasmids at 150 /ig/dish. Antisense = pTKantiCATOL; sense = pTKCATOL, control ( promoter linked to irrelevant sequence) •= pTKBlue. plasmid (pSVLCON, 100%) . RNA levels were determined by densitometric scanning of Northern blots and are shown as the percentage of integral units under the densitometric curves, relative to the integral in the presence of the promoter control (100%). Standard error of the CAT data is shown (SE). *, both functional and (defective sense) interfering transcripts were identified by the direction specific probe in this example. If divided by the level of input defective sense excess (2.5), this value becomes 64%, a close approximation to the assayed CAT value in the same sample. CAT and RNA levels were determined 48 h post transfection. Amounts of plasmid transfected were as nominated for Table 1 . readily detectable when the gene was expressed from the highly active SVL promoter in a high copy number plasmid in COS1 cells.
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Northern blot analysis showed that cultures transfected with either sense or antisense plasmids had similarly reduced levels of CAT transcript (measured at the 48 h time point) relative to 1) is labelled and the position of the start codon marked. Arrows indicate the portion of sequence homologous to the CATOL region which includes the stem and loop secondary structure located from nucleotide 96 to 156 shown in 'A'. 'Folding' was performed on the full length RNA predicted to be transcribed from pTKCAT although only the relevant portion is shown here.
control transfections (Fig. 4) . Furthermore the relative levels of CAT RNA closely paralleled the assayed levels of functional CAT in the same samples (Table 2 ). Where cells were transfected with full length defective sense plasmid at 4 fold excess over the CAT plasmid, relative RNA levels detected by the sense specific probe, were calculated to be 480% relative to the levels in the control CAT transfection (Fig. 4, track 2) . This is consistent with maintenance of the 4:1 input ratio of plasmid DNAs over the period of the experiment.
DISCUSSION
Gene Suppression by Sense or Antisense Sequences
In this study a short fragment of the CAT gene on one plasmid has been shown to be sufficient to inhibit expression of the same CAT gene located on another plasmid. This sense sequence, from a procaryotic source, does not possess appreciable coding potential, nor any special regulatory sequences of eukaryotic origin, apart from those of the eukaryotic promoters which were common to the control plasmids. The same maximal degree of inhibition was obtained whether the CAT fragment was linked to its promoter in an antisense or sense orientation, although the sense orientation gave a reduced effect at later time points.
The observation that CAT expression in the presence of promoter deleted plasmids was indistinguishable from the nonsuppressed levels indicated that a promoter sequence is required within the test plasmid for the specific suppression of gene activity.
Northern analyses showed that the levels of CAT RNA relative to the control levels closely reflected the levels of CAT enzyme activity from the same samples. This was the case whether the interfering species was an antisense, sense or an antisense/sense RNA combination.
Possible Interpretations
Suppression of CAT expression by this short sense sequence raises interpretative questions distinct to those from the few studies in which sense RNAs have been shown to cause inhibition of gene expression. Such cases have been postulated to involve an interaction of the sense sequence with specific binding proteins and/or possible saturation of transcription factors. In one reported case involving the plant virus, turnip yellow mosaic virus, a defective sense RNA contained a binding site for a viral replicase, and inhibited replication by competition for this enzyme (27) . In more recent studies, transgenic plants transfected with additional copies of functional genes involved in flower colouration showed reduced rather than the expected increased levels of the gene product. Flowers of varying hues with distinct colouration patterns were produced and levels of specific mRNAs were correspondingly reduced. The mechanism underlying this effect remains unknown although it was suggested that RNA interference with transcription, formation of a triple helix or methylation may be involved (14) . Interestingly, it was noted that the phenotype of the flower colour pattern differs from that displayed by plants transformed with an antisense construction (14) . These plant studies are complicated by the fact that the target genes, in both cases, produce intermediary enzymes in the pigmentation pathway and thus flower colour is not a direct measure of the target gene product.
The study reported here is the first description of a homology dependent co-suppression type of gene regulation in animal cells. Co-suppression, defined as the reversible suppression of both the endogenous and extra gene copies (13) could not be observed as the additional genes were defective, but this term represents the closest approximation to the phenomenon we describe than any other in the existing literature. Additionally, if the observations made here equate with the co-suppression effect reported in transgenic plants, this transient system offers a more rapid means of analysing the mechanism. Comparable cases investigating the effects of sense RNAs are not evident elsewhere. It was difficult to find many cases where such control molecules had been tested, despite the large body of antisense work now in the literature. In many reports, an entire gene was flipped to generate the interfering species, thus its sense counterpart would be a translationally functional gene giving rise to protein product and therefore might constitute an inappropriate regulatory control construction. It now seems that such controls may have resulted in significant gene suppression as is indicated by unpublished reports in a number of plant systems (28) . Short oligonucleotides, although efficient as antisense sequences, do not appear to have any specific effect as defective sense molecules (at the tested regions) on the target gene in vivo (8) . This was also found for a short engineered defective sense RNA transcribed by RNA polymerase En (10) .
The sense and antisense RNAs transcribed from the engineered (TK or SVL) plasmids described here do have some sequence in common with each other and the target gene. The leader region extending from the cap site to the beginning of the CAT specific sequence are the same for each promoter, and it is possible that this region may be implicated in factor binding and thus in the gene suppression observed. The promoter control plasmids pTKBlue or pSVLCON however, also carry this region and do not mediate any apparent suppression of gene expression in equivalent co-transfection experiments. In experiments where HGH was also expressed from the TK promoter its expression was unaffected by the presence of the test constructions regardless of the level of CAT gene expression. It therefore seems unlikely that these common sequences are responsible for the observed effects on CAT gene expression although the relative stabilities of the test and control RNAs are unknown.
The possibility of an exhaustion of translation (or transcription) factors was similarly tested by the use of appropriate levels of control plasmids in parallel transfections, although again the relative stabilities of the control and test RNAs in the cell are unknown. Endogenous systems involving feedback inhibition or factor binding seem unlikely as the gene is a prokaryotic one transfected into a eukaryotic background. An interaction of the RNA with DNA sequences is also theoretically possible, such as in the a-independent type of transcription termination suggested for the crp operon in E. coli (29, 30 ). An RNA-DNA interaction forming a triple-helix such as has been implicated in a transcriptional switch mechanism (31) should also be considered, although the CAT sequence does not appear on inspection to carry appropriate sequence motifs. Such mechanisms could provide an explanation for the observed independence of the effect from sequence orientation.
It is considered that recombinational rearrangement of CAT plasmid DNA is unlikely to explain the effects. Such recombinational events generally occur with insufficient frequency (~0.3xl0~3) (32) to account for the observed reductions in expression. Additionally, no direct evidence for DNA rearrangements was found in the replicating plasmid system, where such rearrangements might be expected to be most readily detected.
The necessity for a transcriptional promoter suggests either that the suppression of CAT activity requires transcription of sense or antisense sequences from the interfering plasmids, rather than their presence as DNAs, or that the promoter sequence/CAT sequence fusion operates in another way, for example via chromatin structure or protein factor binding effects. A similar requirement for a promoter was shown in the pol HI antisense experiments reported by Jennings and Molloy (10) . The effect could be mediated by induced inactivation of promoter function for example by methylation (14) . However the difference in duration and extent of the sense effect with different constructions is not simply accomodated by this model.
Unlike the effects on flower colour obtained by increasing the copy number of functional gene sequences in plant cells (13, 14) , no sequence capable of being translated into a functional protein was present. Thus the possibility that the effect is mediated by an excess of the natural gene product or a dominant negative effect from a truncated or otherwise defective protein (dominant negative mutation, reviewed 33) is eliminated.
Inhibition of the effect of an antisense molecule by its complementary sense has been demonstrated (3,9,34) although it is apparently an inefficient process (9) . In this study the defective sense constructions neither suppressed the effects of the antisense species nor operated synergistically .
Sense:Sense hybrids
A relatively simple hypothesis to account for these observations and one which does not invoke a novel mechanism, is that the sense RNA can form an RNA:RNA hybrid with CAT RNA. Under normal circumstances CAT RNA might be expected to fold into a complex secondary structure reliant on internal complementarities in sequence. The presence of such complementarities suggests that individual short sense sequences have the potential to base pair with the parent mRNA. Such intermolecular hybridizations would be favoured by high levels of excess, such as those used here, of the short sense species over the parent mRNA. Although hybridization of the short sense species was not directly demonstrated in this study, computer analysis (FOLD: 35) of the sequence suggests that the region of the mRNA sequence about the start codon (corresponding to the short sense fragment) is one of many in the gene which can potentially fold into a complex hairpin loop structure (Fig 5B) . Thus in principle the sense and target RNAs could participate in intermolecular interactions. A single predicted sense : target RNA stem-loop about the initiation codon would have four regions of mismatch (Fig. 5A ) and while this is unlikely to form a strong hybrid, a transient intermolecular interaction may trigger the action of an unwinding/modifying activity (36, 37, 38, 39) , the activation of a ds RNA dependent nuclease (36, 40, 41) or other mechanisms for inhibition of expression. Reduction in CAT RNA levels could thus be a direct or indirect consequence of this or other hybridization interactions, which are of course also possible.
The entire sequence of the CAT RNA was predicted to fold into a complex structure, which would be relatively stable (predicted AG° = -225 A Kcal, Fig. 5 ). The shorter sequence offers a reduced stability of secondary structure (predicted AG° = -100.1 Kcal), possibly allowing it more freedom to interact with the complementary region on the longer mRNA. Otherwise, such an interaction of sense RNAs would enable mRNAs to typically inhibit their own translation by intermolecular interactions.
In this possible mechanism the sense effect is mediated by a weaker antisense interaction with the RNA target, declining with the concentration of the sense RNA over the duration of the transient transfection. For both the sense and antisense test sequences the initial level of gene suppression is similar The opposing senses of short RNAs are unable to efficiently compete with each other, rather both combined give equivalent levels of suppression to that seen with equivalent amounts of either sense or antisense RNA (tested up to 48 h). If the sense RNA indeed mediates a lower affinity RNA:RNA hybrid interaction with the target RNA than the bona-fide antisense species, then its effect would be expected to decline more rapidly than that of the antisense RNA over time and falling test RNA concentration, as was observed. This hypothesis also accommodates the observation that the full length defective sense RNA is less efficient yet again. Its predicted folding structure is more complex and potentially more stable than the short sense RNA, thus it is less likely to be able to make the regions of complementarity available for interaction with the equally strongly folded target mRNA. The suppressive effect gained with this molecule could thus be expected to disappear even more rapidly with time and declining RNA levels, as seen . Even if this is not the correct or entire explanation of the phenomenon observed here, the high likelihood of the occurrence of internal complementarities of sequence in a natural RNA should be considered, and perhaps exploited, in the design and interpretation of experiments involving the use of engineered nucleic acid regulators of gene expression.
